Abstract: Conventional molecular dynamics simulations on 50 ns to 1 µs time scales were used to study the effects of explicit solvent models on the conformational behavior and solvation of two oligopeptide solutes: R-helical EK-peptide (14 amino acids) and a -hairpin chignolin (10 amino acids). The widely used AMBER force fields (ff99, ff99SB, and ff03) were combined with four of the most commonly used explicit solvent models (TIP3P, TIP4P, TIP5P, and SPC/E). Significant differences in the specific solvation of chignolin among the studied water models were identified. Chignolin was highly solvated in TIP5P, whereas reduced specific solvation was found in the TIP4P, SPC/E, and TIP3P models for kinetic, thermodynamic, and both kinetic and thermodynamic reasons, respectively. The differences in specific solvation did not influence the dynamics of structured parts of the folded peptide. However, substantial differences between TIP5P and the other models were observed in the dynamics of unfolded chignolin, stability of salt bridges, and specific solvation of the backbone carbonyls of EK-peptide. Thus, we conclude that the choice of water model may affect the dynamics of flexible parts of proteins that are solvent-exposed. On the other hand, all water models should perform similarly for well-structured folded protein regions. The merits of the TIP3P model include its high and overestimated mobility, which accelerates simulation processes and thus effectively increases sampling.
Introduction
Molecular dynamic (MD) simulations of biomacromolecules are based on empirical force fields, which relate potential energy and molecular structure. Several in-depth overviews of current trends in the field of empirical potentials have been published. [1] [2] [3] [4] [5] Among all of the available empirical potentials, the AMBER, 6 ,7 GROMOS, 8 CHARMM, 9 and OPLS 10 families of force fields have performed well for biomacromolecules. However, in this study we deal only with the AMBER family of force fields, which have been thoroughly tested on a variety of biomolecular systems. The AMBER family of force fields perform well for a range of systems including proteins, 11 RNA, 12 and DNA 13, 14 and their homo-and heterocomplexes. 15 One of the AMBER force fields is ff99 (also referred to as parm99), 16 which is a second-generation force field based on the Cornell et al. set of effective parameters 17 employing the pair-additive potential used for condensed-phase allatomic simulations. Simmerling et al. have shown that the ff99 force field does not accurately represent glycine behavior in protein simulations and that it is prone to other inaccuracies, including overstabilization of R-helical peptide conformations and underestimation of -bend propensity. 18 Simmerling et al. also suggested a reparametrization of backbone torsion terms, yielding the modified force field ff99SB, 18 which improved the balance in secondary structure propensities. A third-generation AMBER force field, ff03, was introduced by Duan et al., who revised all ψ/ torsion parameters and recalculated atomic partial charges. 19 Despite such efforts, none of these recent force fields are perfect; for example, Hummer et al. showed that ff03 overestimated and ff99SB underestimated R-helical propensities. 20, 21 The quest for a sufficiently accurate force field has mainly focused on solute behavior, with only marginal consideration of the water environment. However, the water environment plays an essential role in biomolecular processes, and some important effects, such as the hydrophobic effect and Coulomb interaction screening, vanish if the water molecules do not surround a biomolecule. [22] [23] [24] [25] An explicit consideration of water molecules is therefore essential for a reasonably accurate description of, at least, solute-solvent interactions. 26 A large number of explicit water models have been developed in attempts to accommodate all of the physicochemical properties of water. [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] Among them, Jorgensen's TIPnP 28, 29, 38 and Berendsen's SPC/E 39 models ( Figure 1 , Table 1 ) are the most widely used for biomolecular simulations. It should be noted, however, that although these explicit solvent models have been derived to represent the physicochemical properties of bulk water well, i.e., their solvent-solvent interactions, the balance of solute-solvent interactions in these models remains questionable and requires further study.
All of the popular TIPnP and SPC/E water models agree well with bulk water characteristics at ambient temperatures. The three-site TIP3P model (in which point charges are centered on each of the three atoms) is the most commonly used model in AMBER simulations. TIP3P reproduces well the key features of bulk water at 25°C and 1 atm (i.e., a density of 0.997 g/cm 3 and heat of vaporization of 10.53 kcal/mol), but it underestimates the height of the second (tetrahedral) peak in the O-O radial distribution function and overestimates the diffusion constant (Table 1) . Both the four-site TIP4P and five-site TIP5P models give better fits to the experimental O-O radial distribution function and also behave better than the TIP3P model in many other respects. However, improving the representation of water properties by adding additional extra point charges increases computational costs considerably, with TIP4P being approximately 1.5 times and TIP5P 2.5 times as expensive as TIP3P in terms of the simulation time (Table 1) . The original three-site SPC water model has been superseded by the SPC/E model, which includes corrections for self-polarization and improved structural and diffusion properties. The computational demands of the SPC/E model are comparable to those of the TIP3P model.
Despite the development of sufficiently representative force fields and explicit water models, less attention has been paid to the effects of explicit water models on solute behavior, namely, on the structure, dynamics, and kinetics of solute molecules. Moreover, explicit water models differ in ways that are likely to generate differences in solute-solvent interactions, which might then propagate to differences in solute behavior in various explicit solvent models. In response to the call for studies on the effects of explicit water models on solute behavior reported in the literature, 1, [40] [41] [42] [43] Nutt and Smith presented CHARMM simulations of Nmethylacetamide, other small solute molecules, and a small protein (crambin) in various solvent models, concluding that although TIP3P, TIP4P, and TIP5P differed in solute-solvent interactions, they provided similar overall descriptions of solvation. 40 However, their results on biomacromolecular solute behavior were, unfortunately, limited by their use of only a 2-3 ns time scale and of an alternative modified TIP3P solvent model (mTIP3P; bearing modified van der Waals parameters for hydrogen, σ HH ) 0.449 Å and ε H ) 0.046 kcal/mol). 44 In a recent study, Vymětal and Vondrášek studied the effects of different explicit water models on the free energy -ψ profiles of alanine dipeptide using metadynamics. They concluded that the choice of solvent model had no significant effect on the conformational preferences of alanine dipeptide. 45 Molecular dynamics simulations of small proteins carried out by Wong and Case in ff99SB showed that protein diffusion occurs rapidly due to the high self-diffusion constant of TIP3P, whereas the SPC/E and TIP4P water models with more realistic self-diffusion constants have too large a protein rotation diffusion constant. 42 Shirts et al. calculated hydration free energies of the amino acid side chain analogues in several water models and concluded that modified TIP3P (TIP3P-MOD; having different σ O ) 3.12171 Å and ε 0 ) 0.190 kcal/mol parameters compared to the standard TIP3P parameters; see Table 1) 46 gave the closest match to the experimental data. On the other hand, the ability of explicit solvent models to accurately represent pure water properties did not necessarily determine the ability to correctly predict solute/solvent behavior. 41, 47 In the present study we examine the structure and dynamics of the small peptide solutes chignolin and EKpeptide ( Figure 1 ) in MD simulations on 50 ns to 1 µs time scales (20.7 µs in total). Chignolin is an artificial peptide consisting of 10 residues (GYDPETGTWG) which adopts a -hairpin conformation in solution under in vitro conditions (Figure 1b) . The peptide is stabilized by H-bonds between atoms Asp3(O) and Gly7(N) (the strongest), Asp3(N) and Thr8(O), and Asp3(O δ ) and Glu5(N). Gly7 plays a further key role in chignolin structure stability because its left-handed R-helical conformation enables propagation of the C-terminal strand. It has been suggested that the side chain interaction between Tyr2 and Trp9 also stabilizes chignolin. The experimental data concerning chignolin stability suggest that the peptide has a ratio of folded to unfolded states equal to ∼60:40 at 300 K. 48 EK-peptide is an artificial 14 residue long R-helix (YAEAAKAAEAAKAF). 49 An R-helicity of 40% at 273 K was measured for EK-peptide using circular dichroism (CD) spectroscopy. Ghosh and Dill found that the R-helicity of EK-peptides generally decreases with increasing temperature and amounts to∼20% at 300 K for the studied EK-peptide. 50 In the present study, four explicit solvent models (TIP3P, TIP4P, TIP5P, and SPC/E) combined with three AMBER family force fields (ff99, ff99SB, and ff03) are analyzed to elucidate the role of explicit solvent models on the behavior of both oligopeptides.
Methods
Studied Systems. A designed -hairpin peptide, chignolin, and an artificial R-helical EK-peptide were chosen as test systems for the MD simulations. The chignolin NMR structure (PDB ID 1UAO) was used as a starting structure in MD simulations, and both chignolin termini were charged (N-terminus positively and C-terminus negatively) in all MD simulations. The starting structure of EK-peptide was modeled as an R-helix in accordance with CD spectra. 49 Although, to our best knowledge, no structural data such as X-ray or NMR spectra are available for EK-peptide, the data from CD spectra are sufficient to provide relevant information about its structure. The N-terminus of EK-peptide was capped by an acetyl group and the C-terminus by Nmethylamide for MD simulations.
Molecular Dynamics Simulations. All MD simulations were carried out using the AMBER suite of programs with the all-atomic force fields ff99, 16 ff99SB, 18 and ff03. 19 The simulation protocol, which has been repeatedly shown to perform well for proteins, [51] [52] [53] [54] [55] was set up as follows. The hydrogen atoms were added by the LEaP module of AMBER. Systems were then neutralized by adding counterions (Na + or Cl -, according to the solute charge) and immersed into a rectangular box of explicit water molecules. Each system was solvated by four explicit water modelss TIP3P, TIP4P, TIP5P, and SPC/E ( Table 1 ). The initial coordinates of solute, as well as solvent, atoms were identical for a given peptide system in all water models and all force fields. Consequently, we examined the systems' dynamics in all 12 possible combinations of solute force field and solvent type (Table 2) . In each simulation, the minimal distance between the solute and the box wall was set to Figure 1 . b qH, qO, and qL are the partial charges of hydrogen and oxygen and that on the lone pair, respectively. c rOH and rOL are the oxygen-hydrogen and oxygen-lone pair distances, respectively.
d θHOH and φLOL are the hydrogen-oxygen-hydrogen and lone pair-oxygen-lone pair angles, respectively.
e ε and σ are the well depth and van der Waals radius Lennard-Jones parameters, respectively. f Computer cost in percent with respect to TIP3P.
g Data from this study. 6 × 50 ns 6 × 50 ns 6 × 50 ns SPC/E 6 × 100 ns; 1 × 1 µs 6 × 50 ns; 1 × 1 µs 6 × 50 ns; 1 × 1 µs 10 Å. Prior to the production phase of the MD run, each system was minimized by first optimizing the positions of the hydrogen atoms while the heavy atoms remained constrained; then all protein atoms were constrained, and the solvent molecules with counterions were allowed to move during a 1000-step minimization, followed by 10 ps long MD runs under [NpT] conditions (p ) 1 atm, T ) 298.16 K). After this, the side chains were relaxed by several minimization runs, with decreasing force constants applied to the backbone atoms. After the relaxation, each system was heated from 10 to 298.16 K for 100 ps. The particle-mesh Ewald (PME) method was used for treating electrostatic interactions, and all simulations were performed under periodic boundary conditions in the [NpT] ensemble at 298.16 K and 1 atm using a 2 fs integration step. The SHAKE algorithm, with a tolerance of 10 -5 Å, was used to fix the positions of all hydrogen atoms, and a 9.0 Å cutoff was applied to nonbonding interactions. The Berendsen thermostat was used. 56 All systems studied are listed in Table 2 . Generally, the dynamics of each system in respective combinations of solute-solvent description were modeled via six MD simulations on 50-100 ns time scales, in which the coordinates were stored every picosecond. The number of parallel MD simulations in each run was chosen according to Day and Daggett, 57 who suggested that, for capturing average properties of simulated systems, 5-10 simulations in multiple MD runs are sufficient. Moreover, additional extensive 1 µs long MD runs with coordinates stored every 10 ps were performed for all force fields in combinations with the TIP3P and SPC/E models. The total simulation time in the present study (the sum of the simulation times of all systems) reached 20.7 µs.
In addition to the peptide simulations, we carried out water box simulations (i.e., only water molecules without solute) for the TIP3P, TIP4P, TIP5P, and SPC/E models under [NpT] conditions (p ) 1 atm, T ) 298.16 K) and using an 8.0 Å cutoff for nonbonding interactions on 10 ns time scales. A periodic rectangular cubic box with dimensions of 20 × 20 × 20 Å filled with 375 explicit water molecules was used in each water box simulation.
Analyses of Trajectories. The R-helix dynamics were monitored using the secondary structure analysis (implemented in ptraj from the AMBER package), the time evolution of the root-mean-square deviations (rmsd's) of the backbone atoms (C, N, C R ) with respect to the initial structure, and the time evolution of the distances between atoms forming salt bridges (Glu3(C δ )-Lys6(N ), Lys6(N )-Glu9(C δ ), and Glu9(C δ )-Lys12(N )). The numbers of water molecules in the first solvation shell (<3.4 Å) around the carbonyl oxygen of each residue were calculated for ff03 EK-peptide simulations using ptraj. The R-helix was said to be unfolded if there were fewer than four neighboring helical residues for more than 100 ps (in accordance with Daggett 58 ). The following structural analyses for chignolin simulations were performed: the time evolution of the rmsd's of the backbone atoms (C, N, C R ) from the initial structure and the distances between C γ atoms of Tyr2 and Trp9. In this study, all structures with an rmsd of main chain atoms up to 1.7 Å were considered to be native-like, because all chignolin structures from the NMR ensemble fitted into this interval. In addition, structures from the MD ensemble with rmsd below 1.7 Å displayed a native H-bond network and native distance between Tyr2 and Trp9 (C γ atoms). We considered the chignolin molecule as unfolded if the rmsd of the backbone atoms was above 1.7 Å for more than 100 ps.
The effect of water models on the unfolding or refolding rates in ff99 chignolin simulations were analyzed by the following statistical model. Unfolding and refolding are stochastic processes having Bernoulli distributions with associated probabilities p unfold and p refold . The p unfold probability can be estimated from the number of unfolding events (within a 1 ps time frame) divided by the number of snapshots where the system was folded. Similarly, the estimate of p refold equals the number of refolding events divided by the number of snapshots where the system is unfolded. These estimates have a binomial distribution, which can be approximated by a normal distribution, and thus, the confidence intervals documenting statistical relevance of these estimated probabilities can be expressed by the Wilson score interval: 52 where p is the estimated probability, p min and p max are the lower and upper limits of the Wilson score interval of the estimated probability, n is the number of realizations (i.e., total number of snapshots) where the system is folded/ unfolded, and z 1-R/2 is the 1 -R/2 percentile of the normal distribution (the R value used was 5%). Finally, the corresponding kinetic constants (k unfold/refold ) were derived from the estimated probabilities of unfolding and refolding (p unfold/refold ) using the first-order kinetic equation where ∆t denotes the time interval between two consecutive snapshots. Subsequently, these kinetic constants were transformed to the corresponding potential free energy barriers (∆G unfold/refold q ) using the Eyring equation in which T is the absolute temperature and k B , R, and h are the Boltzmann, universal gas, and Planck constants, respectively.
The population and evolution of chignolin conformations in various water models in the ff99 simulations were monitored by the Bayesian clustering algorithm 59 implemented in ptraj, with all variables set to the default (i.e., without the critical distance metric). The optimal cluster number was found iteratively with visual inspection of indices measuring the clustering performance.
The Ramachandran plots of peptide residues were depicted as scatter plots and density plots using an in-house script. The names of canonical regions and their positions in the Ramachandran plot were assigned according to Schlick.
The following analyses of specific solvation in various solvents were performed only for ff99SB chignolin simulations, given the sufficient stability of chignolin in ff99SB; density maps of water models were calculated using ptraj (grid analysis). Prior to the analysis, chignolin was imagecentered and rms-fitted, and then finally the density of water molecules was calculated using cubic grids spread over the entire box volume. The output file was visualized using VMD. Further, the numbers of water molecules in the first and second solvation shells around the chignolin molecule were calculated using ptraj. The distance of the chignolin first hydration shell was set to 3.4 Å and the second to 5.0 Å. The analysis of water residence times on the chignolin surface was based on a survival probability correlation function as implemented in ReTiNal (Resident Time Analyzer v1.0, Petr Kulhanek, NCBR Brno, http://troll.chemi.muni.cz/whitezone/development/root/) software (see ref 
Self-diffusion coefficients (Table 1) were calculated from the last 5 ns of 10 ns long water box simulations using the Einstein equation
where D is the self-diffusion coefficient, t is time, N is the total number of atoms, and r i (t) is the displacement vector of the ith atom at time t. The radial distribution functions of each water model ( Figure S1 , Supporting Information) were calculated over the entire time scale of the water box simulations by ptraj.
Results
Chignolin. ff99 Force Field. The simulations showed that chignolin did not maintain its native-like structure in the ff99 force field and melted readily in almost all simulations with different solvent models ( Table 3 ). The differences among estimated probabilities and corresponding free energy barriers of unfolding/refolding processes in different solvation models were not statistically significant (R ) 0.05). Nonetheless, the free energy barriers of unfolding and refolding differed significantly in different force fields, as discussed below (Table 4 ). The agreement between free energy barriers of unfolding estimated from a series of 100 ns simulations, and from the 1 µs long simulation in the TIP3P and SPC/E water models, shows that the simulations sufficiently converged on a 100 ns time scale, in terms of estimation of unfolding probability. On the other hand, this does not apply for the probability of refolding, because, on longer simulation time scales, higher free energy barriers of refolding were in most cases estimated. This could have been a consequence of further structural relaxation of the unfolded state toward some energetically deeper minima.
After chignolin lost its native-like structure, it adopted one of five misfolded conformations (designated clusters 1-5; Figure S2 , Supporting Information), which were subsequently identified by a cluster analysis (Table 5) . We did not observe any significant difference in populations of unfolded clusters between simulations with the TIP3P and TIP4P models. However, the TIP5P model produced simulations significantly different from those of both TIP3P and TIP4P. The cluster 1 conformation, which was the dominant unfolding state in the TIP3P and TIP4P simulations, was hardly populated in the TIP5P simulations. Instead, the cluster 2 conformation was significantly preferred in the TIP5P simulations, but negligible in populations from the TIP3P and TIP4P simulations ( Table 5 ). Note that the cluster 2 conformation, despite being unfolded, retained a left-handed R-helical conformation of Gly7, which seems to be the critical residue for proper chignolin folding. 48 Both clusters 1 and 2 were occupied in the series of 100 ns simulations with SPC/E, and their populations did not significantly differ from those of any of the TIPnP simulations. When we extended sampling of simulations with TIP3P and SPC/E, the most widely used models, to a 1 µs time scale, we found the cluster populations in TIP3P 100 ns simulations were more or less converged, while further relaxation was observed with the SPC/E model. Specifically, cluster 1 became the most populated unfolded state while cluster 2 was no longer observed in 1 µs long SPC/E simulations. Thus, chignolin in the SPC/E water model on microsecond time scales occupied the same unfolded clusters as in the TIP3P and TIP4P models, which were, however, significantly different from those clusters populated in the TIP5P model. It is worth noting that the transitions between unfolded clusters happened more rapidly in TIP3P than in the SPC/E model, which seems to be a consequence of the higher selfdiffusion coefficient of TIP3P (Table 1 ) and could be the reason for better convergence of cluster populations in TIP3P 100 ns simulations compared to SPC/E simulations (see Figure S3 , Supporting Information).
Ramachandran density and scatter plots revealed that some residues moved apart from the native regions (defined from the NMR structure; 48 Figure S2 , Supporting Information) and also populated the non-native ones ( Figure S4 , Supporting Information). All simulations showed that the residues Thr6 and Glu5 could be found not only in the native right-handed R-helical region, but also in a region of noncanonical artificial structures ( ) ∼-145°and ψ ) ∼0°), which is a known artifact of ff99. 18 The most flexible Gly7 readily lost its native left-handed R-helical conformation in TIP3P, TIP4P, and (eventually) SPC/E simulations and shifted to the artificial region around ) ∼-165°and ψ ) ∼35°or to the glycine S region. 62 The population of the non-native and artificial region ( ) ∼-145°and ψ ) ∼0°) was significantly reduced in TIP5P simulations, due to either slightly higher stability of chignolin in the TIP5P model or its favoring of cluster 2, causing less dense population of this artificial region.
ff99SB Force Field. In contrast to the ff99 simulations, chignolin was highly stable in all ff99SB simulations (Table  3) . In most simulations, no unfolding event occurred, and even if the structure melted, it adopted near-native structures that swiftly refolded to the native chignolin. Both increased unfolding and decreased refolding free energy barriers contributed to significantly higher stability of the chignolin native structure in ff99SB simulations. On the other hand, neither stability nor estimated free energy barriers of unfolding and refolding differed in the set of four explicit solvent models ( Table 4) . The artificial population of the non-native region ( ) ∼-145°and ψ ) ∼0°) of the Ramachandran plots vanished in all ff99SB simulations, and backbone torsions of chignolin residues fluctuated around the NMR native values ( Figure S5 , Supporting Information).
The finding that chignolin was highly stable in all ff99SB simulations allowed us to monitor the behavior of water molecules in the vicinity of chignolin and to consider the effects of various solvent models on the specific solvation of chignolin. Both thermodynamic (the number and position of binding sites of long-residency water molecules) and kinetic (the mobility of these long-residency water molecules) perspectives on the preferential hydration of the chignolin surface were taken into account. 63 Similar local densities of water molecules were observed for simulations with the TIP4P and TIP5P models, while identifying large numbers of specific hydration sites. The three-site TIP3P and SPC/E water models also yielded similar density maps, but with significantly fewer specific hydration sites and with lower densities, in comparison with the TIP4P and TIP5P models (Figure 2 ). In addition, the analysis of long-residency water molecules (here, those with residence times longer than 0.5 ns) identified significant differences among solvation models, such that the number of long-residency water molecules decreased in the order TIP5P . SPC/E ≈ TIP4P > TIP3P (Table 6 ).
These findings show that the specific hydration of chignolin is determined by the mobility of a given water model in terms of its self-diffusion coefficient (Table 1 ) and its propensity to bind to specific hydration sites. Thus, the highest specific solvation in TIP5P simulations was caused by a large number of specific hydration sites and the low (and most realistic) mobility of TIP5P water molecules. On the other hand, no long-residency water molecules were identified for the TIP3P model, due to the small number of preferred hydration sites and rapid exchange of TIP3P water molecules at these sites. Interestingly, although the SPC/E model has a self-diffusion coefficient similar to that of TIP5P, the significantly smaller quantity of long-residency SPC/E water molecules was caused by a low number of specific hydration sites, most likely stemming from solute-solvent interactions and thermodynamic factors. Similarly, although the water density map of TIP4P was similar to that of TIP5P, with the same number of specific hydration sites, the higher self-diffusion coefficient of TIP4P resulted in significantly more rapid dynamics at these hydration sites, and thus, the specific hydration was reduced for kinetic reasons.
ff03 Force Field. As in ff99SB simulations, the chignolin native structure was highly populated in ff03 simulations. The rare unfolding events were frequently quickly followed by chignolin refolding in almost all cases, except in some SPC/E and TIP4P simulations and the 1 µs TIP3P simulation, where we observed minor but apparent populations of unfolded chignolin with Gly7 shifted from the left-handed R-helical region to the PR region with ) ∼80°and ψ ) ∼-150° (Table 3 ; Figure S6 , Supporting Information). 62 These non-native chignolin conformations closely match the -hairpin topology, but lack the native hydrogen bond network and contacts between Tyr2 and Trp9 residues. On the other hand, the shift of Gly7 to the PR region was always fully reversible, and refolding was sooner or later observed. It seems that the shift of Gly7 does not depend on the solvation model and can be considered as an ff03 force field effect. The difference in the balance between left-handed R-helical and PR conformations of Gly7 in the ff03 and ff99SB force fields can be explained by differences in the free energy landscapes of the and ψ dihedrals in ff03 and ff99SB.
45 EK-Peptide. ff99 Force Field. The EK-peptide readily lost its R-helical structure in all ff99 simulations ( Table 3 ). Melting that propagated from the termini occurred within a time scale of hundreds of picoseconds to several nanoseconds. Melting times were progressively longer in the TIP5P and SPC/E water models, whose self-diffusion coefficients were smaller (and more realistic) than those of TIP3P, which had the highest self-diffusion coefficient of the explicit models in this study ( Figures S13 and S14, Supporting  Information) . In the unfolded state, the peptide was highly dynamic, often switching among the 3 10 -helical structure, turn, random coil, and R-helical conformations. Some residues also populated the artificial region around ) ∼-145°and ψ ) ∼0°, which is a known artifact of the ff99 force field. 18 Notably, internal residues of the EKpeptide had a propensity to refold for up to ∼10 ns in the TIP5P and SPC/E models.
ff99SB Force Field. As in the previous case, the native R-helical fold was unstable throughout the time scale of the conducted simulations ( Figures S15 and S16 , Supporting Information). Melting of the helical structure occurred early, within a time scale of several nanoseconds, in simulations with the most mobile models, TIP3P and TIP4P. In contrast, in simulations using the water models with lower (and more realistic) mobility, TIP5P and SPC/E, the system melted later, generally on a time scale of tens of nanoseconds. The residues of the unfolded EK-peptide populated the left-and right-handed helical regions, the region of noncanonical structures around ) ∼-145°and ψ ) ∼0°, and the antiparallel -sheet and triple-stranded collagen helix regions of the Ramachandran plot ( Figures S8 and S11 , Supporting Information). Nonetheless, the 1 µs TIP3P and SPC/E MD runs characterized the behavior of the system after melting, revealing that the antiparallel -sheet, triple-stranded collagen helix, and left-handed regions were significantly populated in this state.
ff03 Force Field. In all simulations, the EK-peptide displayed a significant level of intrinsic R-helicity lying in the interval from ∼70% to ∼80% (Table 3 ; Figures S17 and S18, Supporting Information). The terminal residues had less helical propensity than internal residues and in the nonhelical state populated the triple-stranded collagen helix, antiparallel -sheet, left-handed R-helix, and ) ∼-160°and ψ ) ∼-25°regions ( Figures S9 and S12 , Supporting Information).
The high stability of R-helical content in ff03 simulations of EK-peptide led us to monitor the stability of salt bridges between Lys and Glu side chains (Table 7 ) and the specific hydration of backbone carbonyl oxygen atoms (Figure 3) . The formation of salt bridges and shielding of backbone H-bonds forming group (-CdO, -N-H) from water molecules were suggested to contribute to the stability of alanine-based R-helical peptides (see refs 64 and 65 and references therein). The TIP3P, TIP4P, and SPC/E models behave similarly; i.e., the stability of salt bridges and hydration of backbone carbonyl oxygen atoms do not significantly differ among these three solvent models. On the other hand, MD simulations with TIP5P show higher stabilities of salt bridges (Table 7 ) and more extensive hydration of backbone carbonyl oxygen atoms (Figure 3) .
Discussion
In the present study we aimed to elucidate the effects of four popular explicit solvent models (TIP3P, TIP4P, TIP5P, and SPC/E) on the behavior of two oligopeptides: a -hairpin chignolin and an R-helical EK-peptide. We combined these solvent models with three recent protein force fields (ff99, ff99SB, and ff03) from the AMBER family. Our results suggest that the choice of solvent model does not significantly affect the stability of the studied peptides, which was completely governed by the force field employed. Furthermore, even the conformational behavior of the peptides in their native folded state was not influenced by the choice of solvent model.
We found that the ff99 force field destabilized the native fold of both peptides to an extent that significantly underestimated peptide stabilities in comparison with experimentally observed values. 48, 50 In addition, in ff99 simulations we observed a significant population of noncanonical conformations in the form of -ψ torsions ( ) ∼-145°and ψ ) ∼0°), which are a known ff99 force field artifact. 18 Elimination of this artifact motivated the development of a reparametrized force field named ff99SB. 18 The ff99SB force field overstabilized the chignolin structure, while it did not improve the stability of the EK-peptide, destabilizing helical EK-peptide in favor of -structured states. This indicates that although the ff99SB force field slightly improves the behavior of -structured chignolin, it yields unbalanced force fields biased toward -structures. Finally, the ff03 force field seemed the best choice among the tested force fields, as the chignolin stability estimated from all ff03 simulations was 72 ( 21%, in good agreement with the experimentally observed chignolin stability of 60%. Moreover, the ff03 simulations did not cause any force field artifacts. They displayed folding/unfolding processes in chignolin connected with shifts of the flexible Gly7 between the left-handed R-helix and PR conformations, which represents the tolerated conformational variability of this Gly residue. Nonetheless, the ff03 force field still overestimated the stability of R-helical EK-peptide, as the R-helicity observed in the ff03 simulations amounted to ∼70-80%, while the experimental helical content equals ∼20% at 300 K. Thus, the ff03 force field seems the best, but still not perfect, choice from the studied set.
While we did not observe any effect of explicit solvent models on the stability of the studied peptides, we found substantial differences in specific solvation of the backbone carbonyls of the EK-peptide R-helix and of the chignolin native structure in the set of studied water models. The TIP5P model showed more extensive hydration of backbone carbonyl oxygen atoms in comparison with TIP3P, TIP4P, and SPC/E, which gave almost the same results ( Figure 3 ). The higher hydration of H-bonds between the backbone amide and carbonyl groups of the R-helix was suggested to destabilize the R-helicity of alanine-based peptides. 64, 65 Thus, the lower R-helicity of EK-peptide in the TIP5P simulations in comparison with other solvation models was anticipated as an effect of the more extensive backbone hydration. However, the R-helicity of EK-peptide did not significantly differ among various solvent models (Table 3) . This finding can be most likely explained by the higher probabilities of salt bridges in TIP5P water (Table 7) and compensation between the specific solvation of backbone carbonyl oxygens and salt bridge stabilities.
Chignolin was highly solvated in the TIP5P simulations, while significantly lower solvation was observed in other water model simulations. We analyzed the reasons for decreased specific solvation in the remaining three models and found that specific solvation by TIP4P was reduced by rapid exchange of water molecules in the solvation binding sites, i.e., for kinetic reasons. This finding can be explained by the larger selfdiffusion coefficient of TIP4P in comparison with the TIP5P model. The specific solvation by SPC/E was reduced due to the small number of specific solvent binding sites compared to those in the TIP5P and TIP4P models, i.e., for thermodynamic reasons. Finally, the reduced specific solvation in TIP3P simulations was a consequence of both the aforementioned kinetic and thermodynamic factors (Figure 4) . Consequently, assuming that the studied solvation models differ significantly in the specific solvation of solute and do not concurrently affect the stability of the studied peptide solutes, the question arises of whether these differences in specific solvation can influence the solute and, if so, how.
As the differences in specific solvation of the studied models did not affect the behavior of the studied peptides in their folded states, we focused rather on their behavior in unfolded states in ff99 simulations. We found that the conformational behavior of chignolin in unfolded states is similar in all three water models with lower specific solvation, i.e., in TIP3P, TIP4P, and SPC/E, while a different conformational behavior of unfolded chignolin was observed in simulations with TIP5P, demonstrating a high degree of specific solvation. Specifically, we observed different preferences in the population of clusters of unfolded structures. The TIP3P, TIP4P, and SPC/E simulations resulted in preferred occupancy of the unfolded cluster with an artificial conformation of Gly7 ( ) ∼-165°and ψ ) ∼35°), while in TIP5P simulations an alternative cluster with a left-handed R-helical conformation of Gly7 was preferred. This result implies that the solvation models will most likely not significantly affect the structure, stability, and flexibility of structured segments of folded proteins. However, the differences in specific solvation might contribute to conformational variability and flexibility of solvent-exposed flexible parts, such as flexible glycine-rich loops. Notably, these most flexible parts of proteins are frequently connected with specific biological functions and are at the focus of attention of many MD simulations. 51, 52, [66] [67] [68] [69] [70] [71] [72] Moreover, specific solvation is also the subject of many other studies concerning, e.g., drug design. 67, [73] [74] [75] Therefore, in these cases, the correct description of specific solvation might be critical for correct results.
Unfortunately, we are not able to ultimately conclude which model provides the most realistic description of specific solvation. On the other hand, our data suggest that the TIP5P model provides a significantly different specific solvation that could propagate to solute behavior via stability of salt bridges and modification of conformational preferences in unfolded states. As the TIP5P model has the most realistic solvent parameters (among studied solvent models), we suggest that TIP5P is the most promising candidate for the realistic description of solute-solvent interactions and specific solvation. Nonetheless, this implication is not straightforward and might be questionable, so direct comparison with reference experimental data of the specific solvation or of the solute-solvent interaction is needed to determine which model performs the best.
In addition, we observed a relationship between the mobility of a water model, represented by its self-diffusion coefficient, and the speed of processes in our simulations, namely, the kinetics of conversion between the unfolded clusters and the structural relaxation of unfolded states in ff99 simulations. Thus, we conclude that the mobility of solvent models can accelerate the kinetics of processes in solutes.
Taken together, in sharp contrast to the choice of force field, choosing the most reliable water model is not straightforward. In cases where it can be assumed that specific solvation will not play an important role (i.e., in wellstructured proteins lacking highly flexible loops), all the model performances may be similar in quality. Furthermore, in such cases, simulations can benefit from the high (overestimated) mobility of the TIP3P model, because it does not significantly affect the thermodynamic properties of the solutes, such as the structure of thermodynamically stable conformers, but it significantly reduces the barriers between these states and thus accelerates the kinetics and effectively increases sampling in the simulations. On the other hand, if the solute contains flexible and solvent-exposed loops, it would be better to use the more realistic description of solvation by the TIP5P model, even though this would entail an increased simulation time due to the relatively slower processes and lower sampling.
